The Otsuka Long-Evans Tokushima Fatty (OLETF) rat is an animal model for obese-type non-insulin-dependent diabetes mellitus (NIDDM) in humans. Our present investigation was designed to identify epistatic interactions influencing NIDDM by performing least squares analysis of variance of all pairs of informative markers in 160 F 2 progenies bred from an intercross of OLETF and Fischer-344 rats. We identified four interactions between Nidd15/of (chromosome 7) and Nidd16/of (chromosome 14), Nidd15/ of and Nidd17/of (chromosome 15), Nidd16/of and Nidd18/of (chromosome 15), and Nidd16/of and Nidd19/of (chromosome 17), which account for a total of ~40% of the genetic variation of entire glucose levels after glucose challenge in the F 2 . The Nidd16/of locus, which is involved in three of four digenic interactions, and the Nidd19/of are likely to correspond to Nidd2/of and Nidd14/of, NIDDM loci previously identified in the F 2 by single-QTL model and multiple-QTL model, respectively, while Nidd15/of, Nidd17/of and Nidd18/of loci reflect novel NIDDM loci. An aberrant increase of the entire glucose level due to synergism occurs in the double OLETF homozygote genotype of Nidd15/of and Nidd16/of, and of Nidd16/of and Nidd19/of, as well as in the OLETF homozygote genotypes of Nidd15/ of and Nidd16/of, respectively, combined with the heterozygote genotypes of Nidd17/of and Nidd18/of. These findings demonstrate that inter-allelic interactions are likely to be an important component of NIDDM susceptibility.
Introduction
Epistatic interaction is the result when the combined effect of two or more genes on a phenotype could not have been predicted as the sum of their separate effects [6] . This phenomenon has been well marked first in small populations created through artificial selection of model organisms [31, 32] , but is now thought to play a significant role in evolution [24, 26] . In addition, it is clear from crosses involving a strain of model organism susceptible to a certain disease with different non-susceptible strains that the genes of the susceptible strain show differential effects with the different background strain genomes [16, 23] , reflecting gene to gene interaction effects.
Maintenance of glucose balance in mammals depends on the production of insulin by the β-cells of the pancreas, in response to raised concentrations of blood glucose. In non-insulin-dependent diabetes mellitus (NIDDM), chronic resistance to insulin-stimulated glucose uptake followed by impaired β-cell function results in the development of hyperglycemia [2] . NIDDM is a multifactorial and polygenic complex disorder except for the early-onset monogenic forms of NIDDM which include maturity-onset diabetes of the young [8, 9, 25, 33, 34] . It has been reported that mice doubly heterozygous for null alleles in the insulin receptor and insulin receptor substrate-1 genes exhibit a synergism at a level of insulin resistance with 5-to 50-fold elevated plasma insulin levels, indicating the existence of the role of epistatic interactions in the pathogenesis of NIDDM [1] . Very recently, interactions of genes on chromosomes 2 (NIDDM1) and 15 have been shown to make a contribution to the susceptibility to NIDDM among Mexican Americans [3] .
The Otsuka Long-Evans Tokushima Fatty (OLETF) rat has been established by selective breeding based on impaired glucose tolerance [11, 12] . The OLETF rat develops hyperglycemic obesity with hyperinsulinemia and insulin resistance, along with pathological changes in pancreatic islets, and has been considered as one of the best models for human NIDDM with mild obesity [12] . Recently, we have identified 14 quantitative trait loci (QTLs) responsible for NIDDM on chromosomes 1, 5, 7, 8, 9, 11, 12, 14, 16 and 17 (Nidd1-14/of for Non-insulin-dependent diabetes1-14/oletf) in 160 F 2 progenies obtained from the mating of OLETF and Fischer-344 (F344) rats [19, 27, 30] by performing a whole genome scan, in which we applied single-QTL and multiple-QTL modelling statistical strategies by using the interval mapping program MAPMAKER/QTL [18] and the MQM mapping program MapQTL [10] , respectively.
In the present study, we set out to search for evidence of pairs of loci which, when modelled appropriately, produced detectable epistatic effects on NIDDM susceptibility, using least squares analysis of variance of all pairs of informative markers in 160 F 2 progenies.
Materials and Methods
Rat strains: An inbred strain of the OLETF rat (OLETF/Otk) was obtained by selective breeding based on glucose intolerance for 20 generations of non-diabetic Long-Evans rats, which had been purchased from Charles River Canada, Inc. (St. Constant, Quebec, Canada) [11, 12] . These OLETF rats have been maintained for more than 40 generations by brother-sister mating at the Tokushima Research Institute, Otsuka Pharmaceutical Co., Ltd. (Tokushima, Japan). Inbred F344 rats (F344/Crj) were obtained from Charles River Japan, Inc. (Yokohama, Japan). The (OLETF × F344) F 2 population of 160 rats was produced by crossing OLETF females with F344 males to produce F 1 rats, and then intercrossing F 1 × F 1 to produce F 2 . This is the same population used previously [19] . All rats were kept under specific pathogen-free conditions. Rats had free access to tap water and standard laboratory chow and were maintained on a 12-hr light and dark cycle (6 am/6 pm).
Animal procedures: Only male F 2 rats were studied at 30 weeks of age. Plasma glucose levels of the rats were determined using the oral glucose tolerance test (OGTT) after overnight starvation. Two grams of glucose (in a 2.8 M glucose solution) per kilogram body weight were given by gastric gavage, and blood was collected from the tail 0 (fasting), 30, 60, 90 and 120 min later for measurement of plasma glucose. Plasma glucose levels were determined by the glucose oxidase method with a Glucose-B Test Kit (Wako Pure Chemical Industries, Ltd., Osaka, Japan). Glucose total area under the curve (AUC) was calculated according to the trapezoid rule from the glucose levels at 0 min, 30 min, 60 min, 90 min and 120 min (mg/dl × min) and used as phenotypic data in the genetic study. Rat spleens were dissected and frozen at -80°C for subsequent isolation of high molecular weight DNA. This study conformed to the guidelines for the care and use of laboratory animals of the University of Tokushima School of Medicine.
Genotype determination: DNA was prepared by a standard proteinase K digestion procedure [13] . Genotypes of the (OLETF × F344) F 2 progenies at microsatellite markers were tested by the polymerase chain reaction (PCR) with primer pairs, which were purchased from Research Genetics, Inc. (Huntsville, AL), for 382 informative markers between the OLETF and F344 rats. The genotyping results were described previously [30] . The microsatellite markers were on average 3.7 cM apart, and overall 98% of the genome was within 10 cM of an informative marker [30] . PCR was performed using 200 µl microtubes and a PC-800 thermal cycler (ASTEC Co., Ltd., Fukuoka, Japan). The reaction volume was 10 µl, containing final concentrations of 10 mM Tris-HCl (pH 8.8), 50 mM KCl, 1.5 mM MgCl 2 , 0.1% Triton X-100 and 200 µM each of dATP, dCTP, dGTP and dTTP. Genomic DNA (50 ng), 0.5 U of Taq polymerase (Wako Pure Chemical Industries, Ltd., Osaka, Japan) and 0.66 µM of each primer were used. The PCR was started at 94°C for 2 min and continued for 40 cycles of 1 min at 94°C, 1.5 min at 55°C and 1.5 min at 72°C, followed by an additional cycle of 72°C for 10 min. PCR products were subjected to electrophoresis on 4% MetaPhor TM (FMC BioProducts, Rockland, ME) agarose gel which contained 1 mg/ml ethidium bromide for photographing the PCR products under UV-light using Polaroid film type 667 (Polaroid, Cambridge, MA). The PCR products from two markers (D6Mit5 and D19Mit3) were fluorescence-labeled and analyzed by electrophoresis in standard denaturing sequencing gel using an ABI Prism 377 gene scan system (Perkin Elmer, Co., Emeryville, CA).
Statistical analysis: Genetic markers were mapped relative to each other with the MAPMAKER/EXP computer package [15] . A candidate for laboratory typing error was identified by an error detection procedure on the MAPMAKER/EXP computer package, which is a systematic method based on incorporating the possibility of error into the usual likelihood model for linkage analysis [17] . Potential errors were rechecked against photographs and, where necessary, the genotyping was repeated. It has been reported that an increase of body weight is an important determinant for NIDDM development in the OLETF rat [19, 22, 30] . Thus, to remove the effects of body weight on glucose levels, glucose levels of AUC were preliminarily adjusted for body weight, using linear regression of glucose levels on body weight:
where y* is an adjusted phenotypic value of glucose ˆ levels of AUC, with the linear regression coefficient, β, of glucose levels of AUC on body weight. y is the value of glucose levels of AUC. BW and BW are the values of body weight and its average, respectively.
For statistical analysis of gene to gene interaction, interaction between markers was tested by least squares analysis of variance. All pairs of informative markers were tested one by one. The least squares analysis of variance was performed by the PROC GLM routine of the computer program SAS (SAS Institute, Inc., Cary, NC). For each pair of markers tested, the adjusted glucose values were analyzed by the least squares analysis of variance with the model including the two marker-type effects and the interaction effects of the given pair of markers: y* = A + B + AB + e, where y* is the adjusted phenotypic value of glucose levels of AUC, A and B are the main effects of two markers, and AB is the interaction effect of the given marker pair; e is the residual effect.
We selected a P value of 0.0001 as the threshold for the finding of interaction. Establishment of interaction was done according to the following selection strategies. Among the marker pairs which gave a P value less than 0.0001 in the test for interaction, in cases where there existed overlapping pairs with markers located within an identical 10 cM genome interval in each chromosomal site, the representative pairs which gave the lowest P value among the pairs were first chosen. Subsequently, to confirm the chosen interaction, the pairs that were made by the markers providing at least nominal evidence for linkage (P<0.05) to adjusted glucose levels with one-way analysis of variance were identified. This confirmation method was used for identification of epistatic interaction involved in human NIDDM [3] . The differences of the least squares mean among two-locus genotype subclasses were tested by Duncan's multiple range test. The proportion of the sum of squares of each effect to the total sum of squares of the phenotype was calculated to estimate the proportion of the phenotypic variation in glucose levels of AUC explained by them. The contribution of all the interaction effects to phenotypic variation was estimated by summing up the sum of squares of each interaction, but not each marker, and calculating the proportion to the total sum of squares of the phenotype. The analysis of the model simultaneously included effects of markers, and markers and interactions indicated to flank Nidd/of QTLs identified previously by interval or MQM mapping, and to describe all the separately detected interactions. The previously identified Nidd/of QTLs, Nidd1/of, Nidd2/of, Nidd3/of, Nidd6/of, Nidd8/of, Nidd10/of, Nidd11/of, Nidd12/of and Nidd14/of, influencing glucose levels of AUC [27, 30] were included in the model. The proportion of genetic variation for the glucose levels of AUC has been found to be about 84% by comparison of the variances in F 1 and F 2 progenies [21] , as described previously [19] , and was used for the calculation of the percentage of genetic variation explained by the interactions.
Results
We detected 23 pairs of markers, which gave a P value less than 0.0001 in the test for interaction by least squares analysis of variance of all pairs of 382 informative markers in (OLETF × F344) F 2 progenies. Among the 23 pairs, 10 pairs were selected as the representative pairs based on the lowest P value for the interaction effect in cases of overlapping pairs, and subsequently 4 out of the 10 pairs were shown to be composed of markers providing at least nominal evidence for linkage (P<0.05) to adjusted glucose levels. Thus, we have identified four epistatic interactions for NIDDM susceptibility in F 2 progenies. There existed interactions between D7Mit27 on chromosome 7 and D14Rat1 on chromosome 14, D7Mit5 on chromosome 7 and D15Rat21 on chromosome 15, D14Rat3 on chromosome 14 and D15Rat19 on chromosome 15, and D14Rat3 on chromosome 14 and At1 on chromosome 17 (Fig. 1) . The pairs overlapped with 3, 1, 2 and 3 pairs (Fig. 1) , and their P values were 0.0001, 0.00006, 0.00006, and 0.00009, respectively. Statistical analysis with one-way analysis of variance revealed that the P values for linkages to the adjusted glucose levels at D7Mit27, D14Rat1, D7Mit5, D15Rat21, D14Rat3, D15Rat19, and At1, respectively, were 0.02, 0.00001, 0.03, 0.02, 0.00001, 0.02, and 0.03.
Two markers, D14Rat1 and D14Rat3, on chromosome 14 involved in three of the four epistatic interactions are mapped only 2 cM apart (Fig. 1) , suggesting that the two markers may reflect an identical locus. In addition, two markers, D7Mit5 and D7Mit27, which are separated by ~10 cM (Fig. 1) , are likely to represent the identical chromosome 7 locus involved in epistatic interaction for NIDDM susceptibility. On the other hand, map positions for D15Rat19 and D15Rat21 are separated by ~35 cM (Fig. 1) , and thus the two markers appear to reflect different loci on chromosome 15. We designated chromosome 7 locus near D7Mit5 and D7Mit27, chromosome 14 locus near D14Rat1 and D14Rat3, chromosome 15 locus near D15Rat21, chromosome 15 locus near D15Rat19, and chromosome 17 locus near At1 as Nidd15/of, Nidd16/of, Nidd17/of, Nidd18/of and Nidd19/of, respectively. However, it is important to note that we cannot exclude the possibility of two tightly linked loci on chromosomes 7 and 14.
Rats homozygous for the OLETF allele at the Nidd16/ of locus caused an aberrant increase of the entire glucose level after glucose challenge, when combined with OLETF homozygotes at Nidd15/of, heterozygotes at Nidd18/of, or OLETF homozygotes at Nidd19/of (Fig.  2 ). An aberrant increase of the glucose levels of AUC was also detected in combinations of OLETF homozygotes at Nidd15/of and heterozygotes at Nidd17/of (Fig.  2) . Each of the four two-locus genotype subclasses possessed significantly higher glucose levels than those of any other subclasses of two-locus genotypes. These data indicate that a synergistic effect on the increase of glucose levels is exerted in the double OLETF homozygote genotype possessed by NIDDM-susceptible strain, as well as in the OLETF homozygote genotype combined with heterozygote genotype with both alleles derived from NIDDM-susceptible and NIDDM-resistant strains.
We examined how much total phenotypic or genetic variation the four interactions obtained by the present study can explain. The four interactions altogether ac- counted for 35.6% of the total phenotypic variation or 42.4% of the genetic variation of glucose levels of AUC in the F 2 .
Discussion
In the present study, we identified four epistatic interactions influencing susceptibility to NIDDM in (OLETF × F344) F 2 progenies, by submitting the entire Fig. 2 . Comparison of least squares means of glucose levels of AUC for F 2 progeny based on the nine different possible combinations of genotypes at the Nidd15/of and Nidd16/of (D7Mit27 and D14Rat1) (A), at the Nidd15/of and Nidd17/of (D7Mit5 and D15Rat21) (B), at the Nidd16/of and Nidd18/of (D14Rat3 and D15Rat19) (C), and at the Nidd16/of and Nidd19/of (D14Rat3 and At1) (D). Data points and error bars are least squares mean ± SE in mg/dl × min in each possible two-locus genotype of F 2 progeny. The glucose levels were adjusted, by linear regression of glucose levels on body weight, for differences in body weight in the F 2 . f=F344 allele, o=OLETF allele.
glucose level after glucose challenge to least squares analysis of variance of all pairs of informative markers. The expected number of marker pairs occurring by chance with nominal P values ≤ 0.0001 is about 7, as predicted by the Bonferroni correction which multiplies the nominal P value by the number of pairs tested, 382 × 381/2=72771. Thus, some of the positive results of 23 pairs providing P values less than 0.0001 for the interaction effect are expected to represent true interactions. The four pairs involved in interactions, we presented, appear to merit special attention because they possess overlapping pairs, and are composed of markers providing at least nominal evidence for linkage. Genome scan investigations of epistatic effects in mammalian complex trait analysis have been described in airway hyper-responsiveness [4] , seizure frequency [7] , lung cancer susceptibility [5] , colon tumor susceptibility [28] , and colon apoptosis susceptibility [20] . As to epistasis investigations in NIDDM, we have recently reported epistasis, albeit not reaching a P value less than 0.0001 in tests of its effect, between Nidd/of QTLs which were identified by single-QTL modelling strategies due to a significant single effect on NIDDM (Nidd1/of (chromosome 7) and Nidd2/of (chromosome 14), Nidd1/of and Nidd10/of (chromosome 14), and Nidd2/of and Nidd8/of (chromosome 9)) [19, 30] . In addition, we have shown that Nidd14/of (chromosome 17), identified by multiple-QTL modelling strategies, interacts with Nidd2/of, providing a P value less than 0.0001 [27] . Our present study demonstrated evidence for four epistatic interactions, of which the tests have P values less than 0.0001, between Nidd15/of (chromosome 7) and Nidd16/of (chromosome 14), Nidd15/of and Nidd17/of (chromosome 15), Nidd16/of and Nidd18/ of (chromosome 15), and Nidd16/of and Nidd19/of (chromosome 17). The present findings, together with the finding of synergism for NIDDM in mice doubly heterozygous for insulin receptor and insulin receptor substrate-1 null alleles [1] , demonstrate the existence of the role of epistatic interactions in the pathogenesis of NIDDM. Very recently, the interaction of genes on chromosomes 2 (NIDDM1) and 15 has been reported to be involved in NIDDM development in humans [3] .
Interestingly, the Nidd16/of locus was located within the 1-LOD support interval for Nidd2/of (Fig. 1) , which is a NIDDM QTL previously identified using statistical methods based on single-QTL models in the MAPMAKER/QTL computer package [19, 30] . This suggests that Nidd16/of corresponds to Nidd2/of. Furthermore, the Nidd19/of locus was detected within the 1-LOD support interval for Nidd14/of (Fig. 1) , a NIDDM QTL previously identified by using a multiple-QTL modelling statistical strategy in the MapQTL computer program [27] , suggesting a correspondence between Nidd19/of and Nidd14/of. Thus, identification of the interaction between Nidd16/of and Nidd19/of in this study may be consistent with previous data of interaction between Nidd2/of and Nidd14/of [27] . In contrast to Nidd16/of and Nidd19/of, Nidd15/of, Nidd17/ of and Nidd18/of loci were not mapped within 1-LOD support intervals for the previously identified Nidd/of loci [19, 27, 30] (Fig. 1) , and thus reflected novel loci.
We clarified synergism between genotypes of two loci influencing NIDDM susceptibility. For the epistasis between Nidd15/of and Nidd16/of and between Nidd16/of and Nidd19/of, the synergistic effect on the increase of the glucose levels was detected in the double OLETF homozygote genotype. In addition, synergism occurred in the OLETF homozygote genotypes of Nidd15/of and Nidd16/of, respectively, combined with the heterozygote genotypes of Nidd17/of and Nidd18/ of. The former synergism elicits NIDDM susceptibility in the OLETF rat, itself, whereas the latter synergistic effect is masked in this rat.
We previously showed that Nidd/of QTLs, identified previously by interval or MQM mapping, altogether explain 71.8% of genetic variation of glucose levels of AUC in the F 2 and as a result, 28.2 % of its genetic variation remained unexplained [27] . We suggested that some of the unexplained genetic variation may be genetic variation due to epistasis [27, 30] . Indeed, our present study demonstrated that the four interactions altogether accounted for 35.6% of the total phenotypic variation or 42.4% of the genetic variation of glucose levels of AUC in the F 2 . Additionally, we should note that the four interactions, together with Nidd/of QTLs identified previously by interval or MQM mapping, explain 71.8% of the total phenotypic variation or 85.5% of the genetic variation of glucose levels of AUC in the F 2 .
The Nidd16/of seems to correspond to Nidd2/of (see above). Thus, it is likely that the Nidd2/of locus is involved in three out of four interactions detected in the present study, in addition to three out of four inter-actions previously identified [19, 27, 30] . The Nidd2/ of locus and the interacting loci with Nidd2/of may encode associated constituents that play respective roles in a given function, because the products of the gene involved in interactions must interact either directly or indirectly, for example via functions within the same or in parallel signalling transduction pathways. If this hypothesis is correct, the Nidd2/of gene product might be a pivotal component among the associated constituents.
The presence in human populations of appropriate alleles of loci interacting with NIDDM susceptibility genes may be critical for the detection of these genes. To recognize such interactions in humans may be extremely difficult without any prior knowledge of these loci. The identification of interactions and of the responsible genes, Nidd15/of, Nidd16/of, Nidd17/of, Nidd18/of and Nidd19/of loci, in the OLETF rat crosses will be helpful for recognizing epistatic interactions responsible for NIDDM in man. Finally, we note that no obvious candidate genes were obtained for the Nidd15/ of, Nidd16/of, Nidd17/of, Nidd18/of and Nidd19/of loci, because the genome regions around the loci have not been well characterized.
